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My subject is Emerging Materials Technology. Technology inherently implies use. 
Although I will have a great deal to say about currents in the science base underlying 
materials technology, it will be from the viewpoint of those currents which can assist or 
support emergence into use. A discussion of materials science from the very appropriate 
viewpoint of truly basic, knowledge-driven work would be the subject of another paper. 
I am going to be using elements of a schema for thinking about materials science 
that I have found useful since the 1960s. The challenge of preparing this paper has led me 
to spend several months rethinking and re-evaluating some closely held concepts and ideas. 
I have found that there is no need to change the overall schema that I'm going to use, but I 
have been led to some new thoughts as to directions for emphasis, particularly in the science 
base that will foster the transition of new materials into use. I would like to share these and 
stimulate readers to test them against their own insight and experience. 
Materials shape the form of civilizations, and as stated in Fig 1, many have held that 
materials technology is a key to the economic growth and health of modem societies. After 
all, materials are the "stuff" from which we make the "things" we use. Note how many of 
the twenty-two major areas of technology in Fig 2--deemed critical to the future of the US 
by a White House panel--include materials topics. 
Materials R&D has, in fact, been a very exciting place to be since World War II. 
For example, when I expanded my own interests in the early 1950s to include metallurgy as 
well as polymer physics and textile technology, I encountered the phenomenon of superalloy 
superplasticity. Under certain conditions one could pull a tensile specimen--like putty or 
taffy--into a fine line before it broke. Interesting indeed, but considered a classroom 
curiosity. By the 1980s, however, superplastic forming, or superplastic forming and 
diffusion bonding of titanium alloys was being used by the Aerospace industry to produce 
geometries--efficient structural parts---that couldn't be made any other way. Similar 
examples abound. 
Remember, in the 1960s, the great interest in whiskers-perfect single crystals or 
perhaps with one spiral dislocation. Many verified that they could indeed be linear elastic 
right up to fracture and have a tensile strength of one to two million psi, on the order of the 
theoretical strength of materials. Despite continuing effort s,we have not quite yet 
developed many "things" which use whiskers, but shortly thereafter, not only very strong 
continuous glass filaments, which we already knew about, but lightweight, strong and stiff 
boron and graphite filaments emerged. Many of us got deeply engaged in converting these 
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"MATERIALS SHAPE THE FORMS OF CIVILIZATIONS" 
"INNOVATION IN MATERIALS HAS BEEN RESPONSIBLE FOR MORE 
MAJOR TECHNOLOGICAL ADVANCES IN THE LAST 50 YEARS THAN 
IS GENERALLY RECOGNIZED. MATERIALS TECHNOLOGY IS TRULY 
AN ENABLING TECHNOLOGY. FURTHERMORE THERE IS NO SIGN 
THAT THE SOURCE OF INNOVATION IS DRYING UP". 
"ADVANCED MATERIALS WILL BE THE RATE DETERMINING STEP IN 
THE INTRODUCTION OF TOMORROW'S NEW TECHNOLOGIES AND 
INDUSTRIES" . 
Fig. 1. Working Group on Technology, Growth and Employment-
Versailles Economic Summit, 1982. 
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and other continuous filaments into advanced composites, a tremendously exciting activity 
of the 1970s, and even yet today. Modern airplanes use increasing amounts of advanced 
composites taking advantage of the stiffness, as well as the strength. Sporting equipment 
may be responsible for even more tonnage sold to date. But everything did not always run 
smoothly. Wasn't the attempt to develop a graphite-epoxy advanced composite fan blade 
for the RB-211 engine for the LIOll aircraft the activity which bankrupted Rolls-Royce and 
drove Lockheed to the edge [2]? But, onward, let's not worry about things like that for the 
moment. 
During my first metallurgy course in the 1940s , the dictum was: "Thou shall not use 
a metal at more than six-tenths of its melting point. It will be too weak". But then starting 
in the 1950s for aluminum, and in the 1960s for superalloys there was a metallurgical 
breakthrough: dispersion strengthening. Sintered aluminum powder (SAP) or thoria-
dispersion strengthened (TD) nickel emerged, in which by dispersion strengthening one 
could create materials with significant strength-up to eight or nine-tenths of the melting 
point. Yet to the best of my knowledge SAP did not find significant use, and although 
oxide-dispersion strengthened nickel-based alloys found some use, that use was not nearly 
to the extent that early proponents had predicted [3]. What happened? These were really 
technological breakthroughs. Well, the first observation is that, yes, indeed, SAP is 
stronger at high temperatures than the normal structural aluminum alloys we use for 
aircraft, as shown in Fig 3. But that is the wrong comparison. At the same time as SAP 
was emerging, titanium and other intermediate-temperature-range alloys were being 
developed, and they were much better than SAP. If we compared SAP only to normal 
aluminum alloys, the wrong competition was being considered. Similarly TD nickel might 
have found more use in say turbine blades if its only competition were normal equiaxed 
polycrystalline superalloys. But columnar grain structures attainable with directional 
solidification, and even single crystal blades, have been developed, and these also allow the 
higher turbine temperatures to be achieved, yielding thermodynamic efficiency. Even more 
important for many years was the development of acceptable cost fabrication processes for 
the competitors to dispersion strengthening, which allowed more complex, but more 
effective, cooling schemes to be designed into turbine blades. When we think about 
competition, we have to consider not only a comparison of properties, but the complex 
interaction between materials, design, manufacturing approach (which may be a function of 
the existing capability to manufacture products at a given facility, as well as the generic 
status of manufacturing technology) and, increasingly, the way we maintain products. 
The message I am trying to emphasize is: Consider the competition. Another 
example of this that I used in the 1960s and 1970s is the "oxidation barrier" [3]. The 
strong, ductile metals, which are such an important part of the technology upon which our 
civilization rests, are not available for most uses at temperatures above 870 to 10500 c. 
Oxidation resistant metals become weak and/or soon melt; strong, refractory metals oxidize, 
often in a catastrophic manner; oxidation resistant ceramics are brittle. The application for 
improved materials technology would be very widespread. Figure 4 lists some ofthe 
competing approaches of that time. My purpose with this example is to consider "apathy", 
or a perhaps less pejorative term, "inertia". The point is that the advantage has to be big 
enough to make it worth all the risk and trouble of introducing a new material. The cost of 
a new material and the cost of its manufacture are not the only ones. The cost of learning 
to use a new material, the potential dangers in learning to use a new material, the difficulty 
(subconscious or real) of switching mindsets to something new are very real, especially as 
we recognize that with new materials one must also consider new designs, new 
manufacturing, and perhaps a new maintenance philosophy. The number of possible trade-
offs gets so large that the cost of learning enough to make them intelligently can become 
tremendous. Unless the improvement potentially available from using a new material is big 
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enough, it will not find use. I have seen this happen again and again; tremendous early 
enthusiasm based upon, ''I'm going to get a 20 percent improvement-obviously that's 
good", petering out along the way. 
Let us now consider the status of the science base underlying modem materials 
technology, and to do this I will use a schema introduced by Buessem [4] and expanded by 
myself [5]. Buessem pointed out that the art of materials (and this goes back to antiquity) 
relies upon finding processing conditions which yield the properties that seem to be 
desirable and then freezing processing conditions so that hopefully the desired result can be 
reproduced. This is represented by Fig 5a. To convert materials to a science. knowledge of 
the structure is inserted between processing and properties as in Fig 5b. By structure here, I 
mean structure at whatever dimensional level controls the properties of importance, from 
one Angstrom to features visible with the naked eye, such as rebar in concrete. Also I 
include the chemical composition under the term structure. It is really the structure as 
defined here which controls properties. The science of materials: solid state physics, 
physical metallurgy, polymer physics, etc, etc. is largely the study of structure-property 
relationships. When we know what structure we want, we can try to create 
synthesis/processing routes to create it. My own expansion considered that a "thing" is 
actually used, not a property and therefore I added the "property-use" relationship as in Fig 
5c. For a structural metal the reduction in area, or even the fracture toughness is not 
"used"; a fender, a wing spar or a railroad rail etc., are the "things" used. We must consider 
how the properties measured in the laboratory relate to performance in use. I'll be returning 
to this as one of my major themes. Buessem originally described his schema for ceramics, 
and I have maintained this in Fig 5 but it can be used for any material. Fig 6, for example, is 
a prototype schema by a colleague [6] interested in the development of silicon carbide as a 
semiconductor for use at high temperatures. 
Let me offer an example of structure-property relationships and how important it is 
to study them. In the early days of fracture mechanics, it seemed that for all of the high-
strength aluminum and steel alloys then in use, and all of the heat treatments that were then 
common, we were in a bind. If we heat treated to increase yield strength, we reduced the 
fracture toughness. I even heard people suggest that this was a law of nature and we can't 
get around it. For titanium alloys, at that time, the points of fracture toughness plotted 
versus yield strength fell allover the plot instead of clustering around a single curve as they 
did for steel and aluminum alloys. Many said, that this was because titanium is new and 
processing wasn't under control. With time the random scatter would decrease and 
behavior similar to aluminum and steel would result. But then Pierce and coworkers [7] did 
something interesting. Instead of plotting a point, they put a picture of the microstructure 
where the point should go as in Fig 7. Now the scatter was not random-- different 
microstructures fell into different bands. By deliberately selecting processing conditions 
which yield desired microstructure, one might indeed increase the yield strength and 
maintain the fracture toughness constant or vice versa. By inserting knowledge of 
microstructure between processing conditions and properties a science base for the 
technology of fracture-resistant titanium could be created. 
The exploration of structure-property relationships has been a vigorous and 
expanding activity for the last twenty to thirty years. New processes of all sorts, such as 
molecular beam epitaxy, are being invented and yield new structures that have interesting 
characteristics. Couple this with increasing capability to characterize new structures and the 
potential for interesting science and the publication of an almost endless stream of papers 
led many into this field. I don't denigrate this. More recently the potential to do ab initio 
and other calculations predicting not only the structures of hypothetical materials but also 
their properties is being pursued. All of this has led to a veritable cornucopia of new 
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PROCESSING ~ ~ PROPERTIES 
Milling Time Density 
Pressed Density Plastic Moduli 
a. Firing Time Strength 
Firing Atmos. Dielectric Const. 
Firing Temp. Permeability 
Loss Factor 
PROCESSING ~ ~ STRUCTURE ~ .. PROPERTIES 
Milling Time Compos~ion Density 
Pressed Density Phases Plastic Moduli 
b. 
Firing Time Microstructure Strength 
Firing Atmos. Dielectric Const. 
Firing Temp. Loss Factor 
SYNTHESIS ~ .. STRUCTURE ... ~ PROPERTIES ... ~ !.lSE 
Milling Time Compos~ion Densny Blade 
c. Pressed Density Phases Plastic Moduli Combustor 
Firing Time Microstructure Strength Heat Exchange 
Firing Atmos. Dielectric Const. Bearing 
Firing Temp. Loss Factor Radome 
Fig. 5. A schema for materials science. 
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materials and processes emerging from research laboratories around the world. Fig 8 shows 
a small list of examples many of which are being or have been studied in my own laboratory. 
Indeed there is a cornucopia, but now let us further consider how to get these into 
technological use. We must ask what do we know and what don't we know and, as in Fig 
9, it is useful to frame these questions in the context of the schema presented above. The 
key issues become: can we do robust processing, and can we predict behavior in service. 
The latter often requires an understanding of the mechanisms of degradation or failure 
under complex service conditions and this is a sometimes overlooked subset of structure-
property relationships. 
Let us first consider processing (in this paper I will often use processing and 
synthesis interchangeably) and the usefulness of modeling to scale up and control for 
uniform and reproducible products. One example is to establish a model for molecular 
beam epitaxy using interacting surface fluxes as in Fig 10 [8]. Modelling like this is not 
unfamiliar and it allows prediction of the chemistry of the product as a function of flux 
densities and eventually temperature. This can then be used to design the process. 
However until about ten to fifteen years ago the models of many processes such as metal 
forging were too complex to solve, for other than trivial cases. The explosion of 
computational plenty has changed all that. Figure 11 is from my youngest son's 
undergraduate senior thesis [9] and predicts the non-isothermal forging of steel. It is not 
the most complex example of what is possible but I offer it to show there is a new 
generation that is adept at such modeling, and increasingly, as distinct from twenty years 
ago, more and more schools are beginning to include it in their curricula. 
In many cases there may be too many things happening to set up tractable 
computational models, and the artificial intelligence community which deals with 
information handling has been developing structures for rule-based models, as in Fig 12. In 
my own laboratory they are cooperating with materials people for processes such as 
autoclave curing of advanced composites [10] or molecular beam epitaxy; the models to 
control the curing of advanced composites have been implemented into actual use. The use 
of process models provides an important challenge to the QNDE community: the growing 
need for in-process sensors. 
Many people still look at synthesis and processing as two separate steps. First we 
synthesize a material, then we process it to convert it into the size and shape (with freedom 
from gross defects) we need for the things that people actually use. We may give it some 
additional heat treatment or other final treatment but these are often all considered 
sequential independent steps. They needn't be, nor should they be thought of in this way. 
An illustrative experiment about a decade ago used modeling of isothermal forging of 
titanium-not only to yield a uniform and desirable near-net shape for ajet engine disk, but 
to be able to control the microstructure throughout the part as in Fig 13 [11]. By designing 
the preform and the thermomechanical processing it was possible to create a microstructure 
that was good for creep strength near the rim and a different microstructure that was good 
for low-cycle fatigue strength near the base. A "total synthesis" of the part was the goal. 
Up to now I have made the point that inventing new processes is not enough. One 
must be able to control them to yield uniform reproducible products and this is much 
assisted by developing process models. The former is part of the cornucopia, the latter is 
receiving increased and effective attention. There is one more approach, however, that 
does not seem to be receiving adequate attention relative to these two and that would be 
inventing inherently robust processes. A robust process would be one in which changes in 
process variables have relatively little effect on the structure of the product or at least on the 
structural features that influence the desired properties. Many of my colleagues for example 
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MICROSTRUCTURE-PROPERTY 
HOW DO DIFFERENT CHEMISTRIES/MICROSTRUCTURES 
INFLUENCE PROPERTIES? 
PROCESSING - PROPERTY 
CAN WE SYNTHESIZE THE DESIRED MICROSTRUCTURE? 
UNIFORMLY AND REPRODUCIBLY? 
CAN WE MODEL THE PROCESS TO GUIDE SCALE-UP? 
PROPERTY-USE 
WHAT PROPERTIES MEASURED IN THE LABORATORY WILL 
PREDICT BEHAVIOR IN SERVICE? 
Fig. 9. What do we know? What don't we know? 
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stainless steel. 
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feel that pulsed laser deposition will be an inherently more robust process than other fIlm 
forming methods. I would suggest that there be more attention in academia to the invention 
of robust processes rather than only processes that yield exotic new materials. 
Let us now consider the property-use aspect of the schema. The engineering 
science base for this may have been stimulated by pressure vessel explosions in the early 
part of the industrial revolution. In modern times, Liberty Ships splitting in half led to the 
tremendous interest in fracture in steels. I have used the example of an extensively 
damaged B-17 aircraft safely returning from its mission in comparison with the I-inch flaw 
that caused the wing of an F-lll fighter to fall off [12]. Increasingly, it seems that we are 
using materials closer to their limits to obtain performance, and the consequences of failure 
can be more catastrophic. Particularly for new materials or new uses we must investigate 
what we are going to measure in the laboratory that will predict actual inservice use. 
Materials interact with design and design interacts with the materials; new materials may 
require different designs; different designs may be influenced by different properties; all of 
these increase the complexity of the issue. Let me suggest that the biggest factor that 
hinders progress beyond laboratory development and acceptance of a new material is often 
uncertainty about the property-use relationship. Even the mass media have commented, as 
in Fig 14. The time, the effort and the cost of obtaining and verifying the necessary 
knowledge using only empirical methods can be forbidding. 
I believe that the key to the property-use issue is understanding the mechanisms of 
how things behave, degrade or break under actual-use conditions. This is a facet of 
structure-property relations, as they are related to actual use, which may go well beyond or 
even be different from the common physical properties usually measured in the laboratory. 
If the mechanism by which something breaks in service for example is the same as the 
mechanism by which a coupon breaks in a laboratory test, we gain confidence that the 
laboratory-measured property is really related to service behavior. 
The ability to predict crack growth in jet engine discs from laboratory data, which 
underlies the Retirement for Cause [13] maintenance approach, was demonstrated not only 
by quantitative experiments but by the fractography in laboratory specimens being the same 
as that for a crack growing in an actual disc. The combination leads to confidence, but this 
was done for ductile structural alloys where there has been much experience. Let's consider 
a new class of materials: metal-matrix composites. The mechanisms in use are not really 
known since there hasn't been any extensive use. In laboratory studies of thermomechanical 
fatigue, matrix-dominated failure occurs under certain conditions, while fIlament-dominated 
failure occurs under others. Combining these, the life-fraction model in Fig 15 was 
developed [14]. This is potentially very useful since the cost of testing and developing 
fatigue data under every possible condition would be impossibly expensive., One must be 
able to measure a small set of properties and extrapolate and interpolate from those, and the 
life-fraction model permits this. However, the problem of demonstrating that this will be 
applicable to service, that the mechanism will be the same, is not trivial. To do it would 
require in-service or valid component service simulation testing, preferably carried to failure 
so that mechanisms can be compared. 
The importance of obtaining mechanism data from real service can be illustrated by 
Bethune's experience [15] with adhesively bonded aluminum in aircraft. His observations of 
real service failures enabled him to show that failure was by delamination and was always 
interfacial; relatively low stresses were involved; failure always initiated at an exposed 
(unsealed) or delaminated edge or from a fastener hole. The laboratory tests that were 
normally used to assess bond quality did not reproduce these. He developed a new test, the 
wedge test, which did correlate with service experience. He then showed that the problem 
was not the need for new adhesives, it was a need for more robust processes, particularly in 
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metal surface preparation to control the nature of the oxide and the interphase in the 
eventual adhesive bond. 
Another example of the importance of understanding mechanisms arose during my 
own studies of strain aging hydrogen embrittlement in alpha-beta titanium alloys [16]. A 
series of cracking experiences threatened to ground many aircraft. Normally, in a ductile 
metal higher and higher strain rates, up to impact, will result in more brittle behavior. For 
these hydrogen containing titanium alloys the opposite occurred. Thus new tests had to be 
developed for laboratory evaluation and determination of safe hydrogen tolerances. More 
important though, was development of knowledge of the mechanism, because this told us 
that we couldn't design around it, we couldn't just reduce the stresses to fly safely. The 
hydrogen level had to be reduced, or it would find a way to break, even at low stresses. 
But one couldn't have known that unless one knew the detailed mechanisms. I always 
encourage my research groups to spend part of their time searching for strange or novel 
ways new materials will behave in service. 
Early during the development of advanced composites Pagano [17] became 
interested in the stresses that laminates developed as a function of fiber orientation and ply 
structure when a composite specimen is stressed. He predicted conditions under which 
delamination could occur even when only uniaxial stress was applied. Test methods to 
emphasize and characterize delamination tendencies were developed. Processing and 
service difficulties were largely avoided, and when some did occur, the science base to 
understand and bound the problem and get it under control was available. 
Consider next a current emerging material, composites with a titanium aluminide 
matrix and silicon carbide fIlaments. What are the novel ways this might break? For 
example, it was found that simple thermal cycling can cause it to lose almost all residual 
strength [18]. Startling, but perhaps not so strange when one considered what might occur. 
It was known that there is a significant difference in the coefficients of thermal expansion of 
the fibers and the matrix and that these matrices were more brittle than the terminal solid 
solution based titanium alloys used in earlier composites. Also these composites were 
designed for use at higher temperatures and the test used a bigger thermal excursion than 
was common. These were perhaps adequate reasons why the phenomena had not 
previously been seen in titanium metal-matrix composites. Fortunately the investigators 
didn't stop there. They started to look at the effect of environment and found that despite 
all the above possible causes, thermal cycling in a vacuum or an inert environment didn't 
cause a significant loss of strength. An oxidizing environment is necessary. and it is the 
combination of oxidizing environment and the microcracks that the thermal cycling initiates 
that causes the real problem. This understanding of the mechanisms can guide materials 
development to try to prevent such failure, and laboratory testing to better predict what 
might happen during service. Heretoo, QNDE tools to study mechanisms in the laboratory 
and eventually in service can be a critical capability. 
Finally we must remember that behavior in service may be different from that in the 
laboratory because of inadequate design or unanticipated modes of usage. Remember what 
the great engineer of antiquity Daedalus told his son Icarus before they flew away from 
Crete, over the sea, using wings of perhaps the first advanced composite, feathers and wax. 
He said, "Don't fly too high; they will get too warm." (yVe are still trying to develop higher 
temperature composites). "Don't fly too low; the humidity will hurt them." (Remember the 
hot-wet problem of the early days of advanced composites). Of course, Icarus may have 
been the first, but he was not the last hot pilot to ignore what the designer said, and the 
materials people get the blame. I use this not just for comic relief. It illustrates the 
uncertainties in design and use, which are part of the property-use consideration. 
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To summarize: I have described a schema that I have found useful when examining 
the status of materials science and I would like to emphasize three thoughts when 
evaluating new materials development possibilities. 
1. Consider the competition when evaluating new materials development 
possibilities. 
2. I think we need to spend more time inventing inherently more robust processes. 
3. Finally, make it break! 
When you are doing a test of a component in an advanced development program, make it 
break. Don't merely satisfy some proof test requirement and then put the component in a 
museum. How else can one examine realistic failure mechanisms. Confidence arises when 
mechanisms are the same in realistic simulation or in use and in the laboratory. This is 
expensive; it incurs a danger of ruining test stands etc. It's usually the first thing that drops 
out in budget cuts, and budget cuts always happen in big programs. I would like to suggest 
that we invest much more effort in QNDE for leaming what is happening during real 
service, not merely for safety'S sake, but to explore the mechanism of behavior, degradation 
and failure, particularly for new materials where we are not sure what is going to happen 
under the complex interacting conditions of service. I suggest a concept of using service 
experience as a laboratory in which not only service engineers should work, but also 
fundamental materials scientists. 
DISCUSSION 
Bruce Thompson. Iowa State University: I think your last comment is a resonant one for 
this audience, since people are here who are very interested in developing QNDE 
measurement techniques. My sense is a lot of people may not quite know how to bridge 
that gap to materials science. We have a lot of people who are electrical engineers, 
physicists, which is a materials science, but maybe not metallurgy or ceramics. Do you have 
any institutional program or any sort of strategy to get these people more involved in these 
materials questions, so they can use their skills as you suggested. 
Harris Burte: The first thing is a need for really multidisciplinary people. I remember 
talking about this at an NDE meeting in New Hampshire [19]. There is no substitute for a 
few such people, and the educational community today at universities not only doesn't work 
at developing them, but often attempts to squelch them. You're considered a dilettante if 
you're trying to work in more than one community, on more than one thing. But there are 
bright inquisitive people who are willing to work twenty-eight hours a day to do creative 
things in more than one discipline. If nothing else, they understand the jargon of different 
fields, and let me tell you that is a real problem. The other thing is to define suitable 
problems-- and I have also talked about this before [12]--problems that require and can 
stimulate people from different disciplines, problems that they can relate to, problems that 
are doable within a reasonable time. Then you go on to harder and harder ones. For the 
issue I talked about, NDE in service, you may not know what you are looking for if the 
mechanisms are novel. Where and how are you going to instrument the "thing" in question. 
With electronic circuits, it's relative easy, and that may be one of the reasons electronics has 
moved so fast. If you're dealing with a whole airplane it is different. It becomes an 
enormous scientific and technical problem, but an approach is to start by defining a few 
subproblems that are more accessible, but not trivial. 
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